A method for determining the spectral emittance of a silicon carbide heating element (Globar) was devised and d ata were obtained over the wavelength range 1.25 to 15.25 J.I. for four different temperatures. The spectral emittance at a ll four temperat ures, 482°, 649°, 816°, and 982° C (900°, 1,200°, 1,500°, and 1,800° F ), was found to be approximately constant except for a gradual rise in emittan ce from 1.25 to about 4 J.I. and two minimums in the curves at longer wavelengths. The fi rst of these minimums, wh ich occurred at about 9 J.I., was ascribed to minor a mounts of Si02 present on t he surface of the silicon carbide heating element, whereas the second at about 12.5 J.I. corresponds to one of the strong Raman lines for SiC.
Introduction
There is much current interest in heat-transfer processes at high tcmperatures. The extreme temperatures encountered in jet aircraft engines have long presented problems; but in modern aircraft performing at supersonic velocities even skin temperatures are well into the range where metals show undesirable creep and corrosion properties. Because radiative processes playa primary role in the transfer of heat to and from such parts it is desirable to obtain data on the thermal emission of various metals and coatings of en/!ineering interest in a tempcrature range from 482 0 to 982 0 0 (900 0 to 1800 0 F).
, Some work has been done in measuring the total emittances of various materials of interest. Total emittance, the ratio of the total radiant energy per unit area emitted by a specimen to that e~itted by a black body at tbe same temperature, IS not a satisfactory measure of the amount of radiant energy emitted or absol'bed by a specimen for use in beattransfer computations because (1) the spectral distribution of the radiant energy emitted by all surfaces, including black bodies, varies with tempcrature, (2) the spectral distribution of the radiant energy emitted by a surface may be markedly different from that of a black body at the same temperature, and (3) air and other gases absorb radiant energy at certain wavelengths that are characteristic of the gas.
Spectral emittance is the ratio of the radiant energy per unit area emitted by a surface at a given wavelength to that emitted by a black body at the same temperature and wavelength, for all wavelengths at which the specimen or black body emits a significant amount of energy. The radiant energy transmitted from a hot to a cold surface can be computed if the tempcrature of both surfaces, their spectral emittances at their respective temperatures, and the spectral absorption of any material through which the radiant encrgy passes between the surfaces, arc known.
• 'l' his project was wlder the sponsorship and with t he fillancial assistance of tbo National Advisory Committee for Aeronautics. 1 Present addrcss: Beckman Instrumen ts, Inc., Fullerton, Calif.
Absolute measurements of infrared radiation are difficult to make. The spectral distribution of energy emitted by a black body as a function of temperature has been known for many years, hence most emission measurements today arc referred to a black body as standard. By definition, black bodies absorb all radiation incident upon them, and emit according to the Planck radiation law. A cavity with its walls at uniform temperature, having an appropl'iately small opening, furnishes a close approximation to the r equired conditions, and is not only the best standard for laboratory u e, but also, under the proper conditions, is very nearly ideal in its physical characteristics. However, a small opening focused on a spectrometer requires that the spectrometer sli t also be kept small, and this in turn rcquires a high amplifier gain and slow scanning speeds. It also makes focusing more difficult. To circumvent these difficulties it was decided to measure the spectral emission of tbe various test surface with respect to a secondary standard and then to adjust the resulting data to emittance after measuring the secondary standard against a black body.
A recrystallized silicon carbide rod (Global') was believed suitable as the secondary standard because of its ruggedness, resistance to oxidation, and the ease with which the temperature can be controlled when the material is resistance heated by passing a current through it.
The present paper describes the method used for measuring the spectral emittance of test bodies and for calibrating the Global', used as a secondary standard, to a sufficien t degree of accuracy to permit the comparison of emission properties of test bodies. Values given below for the sp ectral emittance of Global' arc not to be taken as standard emittance data for silicon carbide for reasons to be discussed.
Review of Earlier Work
The total emittance of silicon carbide powder b?nd~d with 25 percent of clay was reported by Plram [1] 2 to be nearly 1.0 at 200 0 0, dropping to about 0.75 at 900 0 C. The spectral emittance of a. 2 Figures in brackets indicate the literature references at the end of tbis paper-405 l I I silicon carbide h eating element (Global') was first reported by Silverman [2J for the range 2 to 15 iJ. and for a single temperature of 1,102° C (approximately 2,015° F). Silverman used a specially prepared hollow cylinder of silicon carbide with a large outside diameter. An axial slo t cut through th e wall permitted radiation from the cavity to be compared with radiation from the surface of the source. His emittance curve sh ows a gradual rise from about 0.73 at 2 )J. to about 0.84 at 5 iJ. , a fairly constan t level to about 9.4 iJ. where a shallow minimum occurs followed b y a stronger minimum at about 12 .5 iJ. . He identified th e minimum and maximum of the emittance curve at abo ut 12.5 and 10 iJ. with the maximum and minimum, respectively, of the reflectivity curve at 12 and 10 iJ..
Brtigel [3] measured the spectral emittance of a standard spectrom eter so urce of silicon carbide (Global') in the 0.6 to 15 iJ. region for a series of temperatures from 727° to 1,527° C (approximately 1,340° to 2,780° F) , with a comparison cavity black body at 727° C and instrument deflections calculated from those obtained at 727° C for measmements at other temperatures. He shows an emittance curve for 970° C (1,778° F ) which rises from 0.75 at 2 iJ. to a maximum of about 0.87 at 8 iJ. and falls to about 0.77 at 15 iJ.. His cmve shows a minimum at about 12 .2 iJ. but none near 9.4 iJ. , probably because his m easmements were made at 0.5 iJ. intervals. Brtigel Teports a linear temperature dependence of spectral tlmittance ranging from about 3 X 10-5 p er degree Kelvin at 2 iJ. and 14 /1. to a maximum of about 12 X I0-5 per degree Kelvin at 10 iJ. .
The reflectance spectrum of silicon carbide was first m easured by Coblentz [4] and repeated by Schaefer and Thomas [5] , who also measmed the infrared absorption spectrum of a plate. The reflectance spectrum showed only the strong peak at 12 iJ. and the minimum at 10 /1. mentioned above.
Ramdas [6] recently redetermined the absorption -spectrum between 1 and 20 /1. for a number of modifications of silicon carbide, using plates ranging b etween 0.14 and 1.0 mm in thickness. He found a very strong band probably centered near 12 /1. and numerous weaker combination tones. Ramdas assigns the 12 /1. band to a vibration mode involving an asymmetric stretching of C-Si bonds.
The R aman spectrum of silicon carbide has been observed by Narayanan [7] , who reported a strong line at 818 cm-I (12.2 /1.).
Experimental Method
A Perkin-Elmer model 21 double-beam infrared ·spectrophotometer [8] was used with a sodium chloride prism for all measmements. Ordinarily the Perkin-Elmer instrument is used for transmission measurements and is arranged as shown schematically in figme 1. A N ernst glower somce, N, is viewed by two pairs of mirrors which produce images, magnified two times on the monochromator slits. The instrument records the ratio of the Tadiance 3 of the two images and this ratio depends on the absorption of a transmission sp ecimen placed at S, For emission m easurements the equipment is modified as shown schematically in figure 2. The mirror, M I , is rotated as indicated so as to produce an unmagnified imago of either the Global' source, G , or th e black body, B, on the slit. 4 Because the path lengths of the two beams are approximately the sam e, th e absorption by atmospheric water vapor and carbon dioxide will be nearly balanced.
The design of th e black body is shown in figme 3. The core is made of graphite and the two electrodes (not shown in the figure) , one at each end of the core, are connected to a welding transformer of variable power input. Dming a test, nitrogen is permitted to flow into the Vycor cylinder smrounding the cavity in the graphite. This prevents rapid oxidation of the graphite. An asbestos b affle serves to prevent the nitrogen from impinging directly on the graphite, which might otherwise produce a cool spot at this area.
• The images of botb tbe G10bar and the opening in the black body are suffi· ciently large to fill the slit and hence require no magnification. The temperature at the inside of the cavity of the graphite core was m easured with a Chromel-Alumel thermocouple. During operation neither the thermocouple bead nor the ceramic insulator could be observed through the slit, thus indicating good temperature uniformity within the cavity. In each test the temperature was maintained with in ± 1.7° C ()f that desired by manually adjusting the power input.
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The temperature of the silicon carbide heating element was measured by a Chromel-Alumel couple inserted into a hole that was drilled into the side of the element with a Cavitron [9] . rrhe temperature ()f this element was also maintained to within ± 1.7° C of that desired.
In making a determination, the silicon carbide element and graphite core were brought to the same temperature. )\!Iirror MI in figure 2 was adjusted so as to focus the image of the element on the slit of the monochromator and a trace representing emission with respect to the N ernst glower source was obtained over the wavelength region 1.25 to 15.25 J..I. Next, mirror MJ was rotated slightly so as to fill the slit with radiation from the black body and a second trace was obtained. The ratio of the heights of the two curves at any point corrected for the difference introduced by the slight shift in angle of mirror M I, was then taken as the emittance of the silicon carbide surface at that particular wavelength. In making these calculations, the angular variation in reflectivity of the aluminum coating on the mirror as well as the effect of changing optical aberrations with angle were assumed negligible for the small changes in angles involved. but the values tend to be somewhat lower than those reported by these two investigators. The change in spectral emittance with temperature is small ; th~refore, the lower values obtained in the present senes of measurements are probably not due to differences in the range of temperatures in the three laboratories. The measurements were reproducible within a range of about ± 2 percent at the shorter wavelengths (A < 5 J..I) and about ± 1 percent at the longer wavelengths. Fluctuations in the temperature of the N ernst glower are probably r esponsible for much of the uncertainty. Within these experimental limits no temperature dependence of emittance was found for regions sufficiently remote from the minimums near 9 and 12 J..I . The minimums however, were defini tely temperature sensitive. As see n in figure 4, they shift to lon ger wavelengths as the temperature is increased, and in fact appear to do so as linear functions of temperature: AJ= 8.97 (l+4.1 X 10 -5 T) and A2= 12.17 (l+5.08 X lO - 5 
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(T temperature in OK .) This temperature dependence was investigated further by determininO' the positions of the peaks at additional temperatur~ of 193°, 260°, 316°, 398°, and 1,115° C (380°, 500°, 600°, 749°, and 2,039° F ). The broadness of the peaks, particularly at the lower temperatures, makes accurate determinations of the minimums difficult . It is clear, however, that the 12 J..I peak should occur at about 12.2 J..I at room temperature, in excellent agreement with the Raman observation. The other peak should be found at about 9.0 J..I at room temperature. McMahon [8] has observed a similar temperature shift of the peak observed near 9.5 J..I in the emission spectra of glasses. He attributes this to an increase in the Si-O bond distance as a result of thermal expansion .
Because no band had been observed at 9 J..I in the infrared reflection or absorption spectra, or in the Raman spectra of silicon carbide, the appearance of a peak there in the emission spectra is puzzling Both Ramdas [6] and Schaefer and Thomas [5] made their observations on plates oriented with the basal plane perpendicular to the incident radiation. Hence vibrations perpendicular to the basal plane might not be observed [10] . An attempt was made to observe the infrared absorption spectrum of a randomly oriented sample of silicon carbide by suspending some very fine powder in a potassium iodide disk. The differences in refractive indices (about 1.65 for KI and 2.6 for silicon carbide at 750 mIL) were too great to permit observation of a good spectrum. A broad band was observed at about 12 )L and a Christiansen window [11] occurred at 9.5 )L, no doubt where the refractive indices of silicon carbide and potassium iodide cuincide. No band was found at 9 )L.
A plausible explanation of the 9 )L band is that it arises from an impurity. The various forms of silica are known to have strong reflection bands near 9 )L due to an asymmetric stretching of the Si-O-Si bo~ds. Furthermore, these bands seem to shift to longer wavelengths as temperature is increased [12] . Silica is a likely impurity in silicon carbide because the material is preparcd by reduction of silica with carbon at high temperature and also because X-ray [13 14 ] and electron diffraction [13] studies have shdwn that cristobalite is formed by oxidation of silicon carbide at temperatures encountered by heating elements in ordinary u~e. i1-Cri.stobali t~, the high temperature form , has Its reflectIOn maximum at about 8.8 )L at 300 0 C [12] . Because a peak in the reflection curve is influenced by both the refractive index and the absorption coefficient, it does not necessarily coincide with a vibrational frequency of the material. The true frequency of the vibration producing the 8.8 JL reflection peak in the i1-cris~o balite has not been measured, but by analogy wIth a-cristobalite and quartz it probably lies at a wavelength longer than 8.8 JL by a few tenths of a micron. In addition, the bonding material in Globar is likely to produce its own emission peaks.
No change in the cristobalite p eak, or in the entire Globar spectrum, was detected during the period of time (about 50 hr) these and other measurements required. N everthcless, because of the known changes in emitting properties of Global' sources with time it is necessary to compare the Global' with the black body at intervals during a series of measuremen ts.
The discrepancy between the results reported here and the earlier observations could b e due to differences in the composition or aging of the specimens studied or to experimental difficulties associated with temperature equilibrium and measur ement. The spectral emittance of the Globar used in this study was checked in the region between 1.0 and 2.5 JL by R . G. Johnston and E. D . Tidwell, usin g a spectrometer and black body furnace of the Radiometry Section of the Bureau. Agreement was ob tained throughout the region only by adjusting the temperature of the Global' to obtain agreement at 2.5 )L. The instrument used had very short slits (3 mm) which permitted the observation of energy emitted ---------from different parts of the Global'. In this way the existence of a steep thermal gradient along the Globar was demonstrated, with the ends of the Globar perhaps as mueh as 10 percent cooler than the middle. An averaged intensity is observed with a spectrometer having longer slits.
The peak in Brtigel's curve showing the temperature rate of change of emittance as a function of wavelength is produced, or at least augmented, by the shift in the 9 and 12 )L peaks. The observations by Pirani [1] that total emittance of a mixture of silicon carbide and clay decreases with increasing temperature is consistent with a spectral emittance that is independent of or even slightly increasing with temperature, for as the temperature is increased the peak of the black body emission curve moves to shorter wavelengths where the emittance of silicon carbide is decreasing. The clay in Pirani's sample also undoubtedly affects the emission properties.
As the purpose in measuring the spectral emittance of the silicon carbide heating element is to be able to determine the emittances of coated metal specimens, a typical example of this application is shown in figure 5 . The upper curve is the emission, normal to the surface, from a sand-blasted stainless-steel strip coated with A-418, a material consisting of chromic oxide, barium borosilicate glass, and clay, relative to silicon carbide at 982° C (1,800° F). The lower curve is the emittance adjusted to be relative to a black body. Coating A-418 on stainless steel. 982 0 C (1,800 0 F).
. Conclusion
The spectral emittancc of silicon carbide seems to be independent of temperature in the range 482° to 9820 C (900° to 1,800° F) within the experimental error of the measurements, except for two minimums near 9 and 12.2)1.. The wavelengths of these peaks appear to vary nearly linearly with temperature and to fall at longer wavelengths at higher temperatures. The peak near 12.2 )1. undoubtedly arises from a vibration of the silicon carbide itself, whereas the peak near 9 )1. probably is contributed by cristobalite which is known to form when silicon carbide oxidizes.
The observed variation in emission from different regions along the Global' rod leads to the conclusion t hat a Global' source is not a precise standard for emissivity measurements unless the emittance from a fixed portion of its surface is determined by comparison with a black-body source. 
. Appendix. Emission, Emittance, and Emissivity
The use of the words emission, emi ttance, and emissivity in this paper follows the recommendations of Worthing [15] .
Emission is the act or process by whi ch radiant en ergy is emitted by a body as a consequence of its temperature only. This term is also used for the rate of such emission in units of energy per unit area and unit time. It is influenced by the composition, thickness, and surface texture of the specimen.
Emittance is a property of a specimen, regardless of its composition, thickness, or surface texture, and is the ratio of the emission of the specimen to that of a black body at the same temperature.
Emissivity is a property of a material, and is the emittance of a specimen of the material having a polished surface, of sufficient thickness to b e opaque. It represents a minimum value of emittance as regards the effect of surface texture, and a maximum value as regards the effect of thickness (opacity) of the specimen.
